Mycobacterium avium subsp. hominissuis is an opportunistic human pathogen that has been shown to form biofilm in vitro and in vivo. Biofilm formation in vivo appears to be associated with infections in the respiratory tract of the host. The reasoning behind how M. avium subsp. hominissuis biofilm is allowed to establish and persist without being cleared by the innate immune system is currently unknown. To identify the mechanism responsible for this, we developed an in vitro model using THP-1 human mononuclear phagocytes cocultured with established M. avium subsp. hominissuis biofilm and surveyed various aspects of the interaction, including phagocyte stimulation and response, bacterial killing, and apoptosis. M. avium subsp. hominissuis biofilm triggered robust tumor necrosis factor alpha (TNF-␣) release from THP-1 cells as well as superoxide and nitric oxide production. Surprisingly, the hyperstimulated phagocytes did not effectively eliminate the cells of the biofilm, even when prestimulated with gamma interferon (IFN-␥) or TNF-␣ or cocultured with natural killer cells (which have been shown to induce anti-M. avium subsp. hominissuis activity when added to THP-1 cells infected with planktonic M. avium subsp. hominissuis). Time-lapse microscopy and the TUNEL (terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling) assay determined that contact with the M. avium subsp. hominissuis biofilm led to early, widespread onset of apoptosis, which is not seen until much later in planktonic M. avium subsp. hominissuis infection. Blocking TNF-␣ or TNF-R1 during interaction with the biofilm significantly reduced THP-1 apoptosis but did not lead to elimination of M. avium subsp. hominissuis. Our data collectively indicate that M. avium subsp. hominissuis biofilm induces TNF-␣-driven hyperstimulation and apoptosis of surveilling phagocytes, which prevents clearance of the biofilm by cells of the innate immune system and allows the biofilm-associated infection to persist.
M ycobacterium avium subsp. hominissuis is a member of the Mycobacterium avium complex (MAC), which also includes Mycobacterium avium subsp. avium, Mycobacterium avium subsp. paratuberculosis, and Mycobacterium intracellulare. M. avium subsp. hominissuis is an opportunistic human pathogen that typically infects individuals with underlying health conditions, such as AIDS and chronic pulmonary diseases such as chronic obstructive pulmonary disease (COPD) and cystic fibrosis, but can also affect immunocompetent individuals (1) .
M. avium subsp. hominissuis forms biofilms in the environment and is associated with diverse potable water sources, including distribution pipes, bathtub inlets, faucets, showerheads, swimming pools, and hot tubs (2) (3) (4) (5) (6) . M. avium subsp. hominissuis is ubiquitous in these environments due to intrinsic resistance against commonly used chlorination, ozonation, and UV treatment of potable water (6) . Several studies have correlated the strain of M. avium subsp. hominissuis infecting a patient with a potable water source from the patient's surroundings (4) (5) (6) (7) .
The ability of M. avium subsp. hominissuis to form biofilm on host tissue is associated with the efficiency to infect bronchial epithelial cells and establish lung disease in mice (8) . Mutants deficient in biofilm formation were not as efficient at invading and translocating BEAS-2b bronchial cells. Additionally, these mutants were attenuated in establishing respiratory infection in a mouse model of M. avium subsp. hominissuis lung disease (8) . The reasons why M. avium subsp. hominissuis biofilms can be initially established in the respiratory tract, without being cleared by the innate immune system, are currently unknown.
Studies have shown that, in the case of Pseudomonas aeruginosa biofilm, neutrophils attracted to the site become engorged with biofilm (both cells and matrix), degranulated, immobilized, and rounded (9, 10) . It was recently also reported that polymorphonuclear leukocytes fail to eradicate P. aeruginosa biofilms in vivo (11) . Another report indicates that exopolysaccharide (EPS) from Staphylococcus aureus biofilm protects the bacterium from Caenorhabditis elegans immune defense (12) . More recently, it was found that S. aureus biofilms attenuate a proinflammatory macrophage response in vivo, which could potentially explain the persistence of the biofilms in immunocompetent hosts (13) . Recent work with Enterococcus faecalis has also evidenced a diminished proinflammatory response in both macrophages and dendritic cells upon contact with biofilms, in contrast to exposure to planktonic cells (14) , further supporting the idea that some biofilms may circumvent or camouflage bacteria from the traditional proinflammatory innate immune response.
One of the important questions regarding biofilms in mamma- 
MATERIALS AND METHODS
Bacterial strains. M. avium subsp. hominissuis strains A5 and 104 were both originally isolated from the blood of AIDS patients with disseminated infection (16) . M. avium subsp. hominissuis strain A5 was a generous gift from Kathleen Eisenach (Little Rock, AR). Prior to biofilm formation, bacteria were cultured on Middlebrook 7H10 agar supplemented with 10% oleic acid-albumin-dextrose-catalase (OADC; Hardy Diagnostics, Santa Maria, CA) at 37°C for 7 to 10 days until bacterial colonies were present. Pure, individual colonies were restreaked out and used for experiments. Mutants deficient in biofilm formation were cultured as described above, except for the addition of 400 mg/ml of kanamycin supplemented in the medium to grow 6H9 and 5G4 mutants (M. avium subsp. hominissuis A5 biofilm-deficient mutants). The mutations are in the sucA gene (6H9) and MAV_1565 (5G4), as previously described (17) . Host cells. Human THP-1 and natural killer (NK-92) cell lines were obtained from the American Type Culture Collection (Manassas, VA) and always cultured in RPMI 1640 medium supplemented with heat-inactivated 10% fetal bovine serum (FBS), L-glutamine, and 25 mM HEPES (Cellgro, Manassas, VA) incubated at 37°C and in an atmosphere of 5% CO 2 . Additionally, NK cells used for experimentation were first cultivated alone in the presence of interleukin-2 (IL-2) (50 U/ml) and washed before being added to biofilms. Prior to all cell culture experiments, viability of THP-1 and NK cells was assessed visually using trypan blue staining with a hemocytometer. Cell populations were at least 90% viable for all experiments.
Biofilm formation. Biofilms were formed statically as previously published (18) , with minor modifications. Briefly, bacteria were taken from 7H10 agar plates and resuspended in Hanks' balanced salt solution (HBSS; Cellgro, Manassas, VA) to roughly a 5 ϫ 10 8 -CFU/ml level. Suspensions were left alone for 10 min to allow clumped bacteria to settle. The top half of the suspension was transferred to a new tube and adjusted down to an inoculum of 1 ϫ 10 8 CFU/ml, using visual turbidity and optical density. Adjusted suspensions were serially diluted and plated for CFU to verify the inoculum for each experiment. Suspensions were transferred to either 96-well polystyrene plates (BD, Franklin Lakes, NJ) or round 100-mm polystyrene tissue culture dishes (Corning, Corning, NY) depending on the experiment (round 100-mm dishes for the supernatant experiment and 96-well plates for all other experiments). For 96-well plate experiments, 0.1 ml of bacterial suspension (1 ϫ 10 7 bacteria) was transferred to each well. Biofilms were allowed to establish undisturbed for 14 days at room temperature (22°C). Biofilms at this point were formed on the bottom surface of the wells.
UV-killed biofilm preparation. UV-killed biofilms were prepared by exposing mature M. avium subsp. hominissuis A5 biofilms to 1 min of UV light using a UV cross-linker (Hoefer, Holliston, MA). Wells were resuspended via pipetting, diluted, and plated to confirm UV-related killing. No viable bacteria were recovered from the UV-treated biofilms.
Planktonic bacterial immobilization. Planktonic M. avium subsp. hominissuis A5 was first grown on 7H10 agar and then resuspended into an inoculum of 1 ϫ 10 8 CFU/ml. Bacteria were immobilized onto the surface of a 96-well plate by placing 100 l of inoculum into each well (to match with the biofilm inoculum) and then centrifuged at 2,000 ϫ g for 20 min. The supernatant was gently removed prior to experimentation with THP-1 cells.
Biofilm supernatant preparation. For biofilm supernatant interaction experiments, supernatant was first collected from 14-day-old biofilms formed as described above. Supernatants were gently aspirated from biofilms and then centrifuged at 2,000 ϫ g for 15 min to pellet any transferred bacteria and filtered through a 0.2-m syringe filter (VWR, Radnor, PA) to guarantee sterilization and then were used for experimentation. For assessing tumor necrosis factor alpha (TNF-␣) production from interaction with the sterile biofilm supernatant, THP-1 cells were first quantified with a hemocytometer and adjusted to 1 ϫ 10 6 cells/ml and the medium was replaced with fresh RPMI 1640 containing 10% (vol/vol) biofilm supernatant earlier. At 4 h, the sample supernatant was removed and enzyme-linked immunosorbent assay (ELISA) was performed (Ebioscience, San Diego, CA), according to the manufacturer's protocol.
M. avium subsp. hominissuis biofilm/THP-1 cell interaction experimental design. THP-1 cells were washed once with HBSS using centrifugation (50 ϫ g for 10 min) and resuspended into fresh RPMI 1640 plus 10% FBS. Cells were quantified with a hemocytometer and adjusted to 1 ϫ 10 6 cells/ml prior to biofilm addition. The supernatant was gently aspirated from mature M. avium subsp. hominissuis A5 and M. avium subsp. hominissuis 104 biofilms (formed as described above), leaving the biofilm intact in the bottom of the well. Additional wells of biofilm were resuspended after supernatant removal, diluted, and plated for CFU to quantify the number of bacteria remaining in the well for the interaction experiments. Approximately 3 ϫ 10 6 bacteria remained in the wells from both strains of M. avium subsp. hominissuis. An 0.2-ml suspension of THP-1 cells in RPMI plus 10% FBS was added on top of the biofilm. Plates were allowed to incubate at 37°C with 5% CO 2 for the respective time point for the specific experiment (which is described below). As a control, THP-1 macrophages were infected with M. avium subsp. hominissuis 104 and M. avium subsp. hominissuis A5, and NK cells (10 5 cells) were added afterwards. Monolayers were lysed after 4 days to quantify the number of intracellular bacteria.
TNF-␣ production and ELISA. At 0.5, 1, 2, 4, 24, and 48 h of incubation after biofilm/THP-1 cell exposure, TNF-␣ production was assessed from sample supernatant using ELISA (Ebioscience, San Diego, CA). At a respective time point, plates were centrifuged at 50 ϫ g for 10 min to pellet cells and supernatant was collected from the wells and analyzed according to the manufacturer's protocol.
Superoxide anion and nitric oxide production. Supernatants were collected at time zero and 48 h after THP-1/biofilm interaction, and superoxide anion was measured using a previously published protocol (19) . Briefly, superoxide anion production was assayed spectrophotometrically by measuring the superoxide dismutase-inhibitable reduction of ferricytochrome c (Sigma-Aldrich, St. Louis, MO) after contact with the biofilm. Nitric oxide was measured using the Griess reagent system (Promega, Madison, WI), according to the manufacturer's protocol.
Biofilm CFU assessment after THP-1 and NK cell exposure. Biofilms were formed and THP-1 cells were added as described above. At the respective time point, wells were mixed via pipetting (20 times) and then were serially diluted in HBSS and plated on 7H10 plates to obtain CFU/ml of recovered bacteria. THP-1 cells were also preactivated using purified TNF-␣ and IFN-␥ (Ebioscience, San Diego, CA) at concentrations of 50 and 100 ng/ml, respectively. NK cells were added to biofilms either by themselves or premixed with an equal number of THP-1 macrophages. In either case, the cellular suspension was adjusted with a hemocytometer to 1 ϫ 10 6 cells/ml and 0.2 ml of cells was added on top of the biofilm. As controls, biofilm-deficient 6H9 and 5G4 mutants were used to infect THP-1 macrophages, and the survival was monitored.
Microscopy. THP-1 mononuclear phagocytes were incubated with M. avium subsp. hominissuis A5 biofilm established on coverslips on a chamber containing RPMI 1640 medium. THP-1 cells were observed from the moment that they were added to the biofilm until 3 h into the interaction. Time-lapse microscopy was performed on a Nikon microscope, and the images were collected with an Optronics DEI-750 camera. The experiment was repeated three times, and at least 100 cells were observed each time.
Measuring apoptosis. To quantify apoptosis, biofilms were formed and THP-1 cells were added as described above. At respective time points, the terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) assay was performed (Roche, Indianapolis, IN) and apoptosis was visually quantified by fluorescence microscopy (Leica Microsystems, Wetzlar, Germany) according to the protocol from the manufacturer. Fifty fields of view were scored for each time point and averaged.
Blocking TNF-␣. To assess if TNF-␣ was correlated with apoptosis, antibody blocking of TNF-␣ was conducted using a primary monoclonal antibody (Genzyme, Boston, MA) at a concentration of 10 g/ml. Antibodies against TNF-R1 were obtained in a hybridoma suspension (Iowa University, hybridoma bank, Iowa) and diluted 1:10, a concentration known to inhibit TNF-␣ binding, before being cocultured with the cells. Apoptosis was measured as described above. Additionally, biofilm CFU was also assessed after blocking TNF-␣, according to the method described earlier.
Statistical analysis. The results are represented as means of at least three repeated experiments Ϯ standard deviations. Comparison between experimental and control groups was carried out using the Student t test. Comparisons between multiple groups were carried out using analysis of variance (ANOVA). In both cases, P Ͻ 0.05 was considered significant. GraphPad Prism version 5.0 software was used for statistical analysis and graph creation.
RESULTS
M. avium subsp. hominissuis biofilm is highly stimulatory to THP-1 mononuclear phagocytes. Previous studies have shown that M. avium subsp. hominissuis strain A5 forms a greater amount of biofilm in vitro than do other clinical isolates of M. avium subsp. hominissuis, including strain 104 (18) . It has also been reported that the ability of M. avium subsp. hominissuis to form biofilm increases the bacterial adherence to and invasion of BEAS-2b bronchial epithelial cells, in vitro, and translates into more established infection through the respiratory route in vivo (8) . We first investigated whether the extent of biofilm-forming ability influenced the activation of host phagocytes. Biofilms were formed using M. avium subsp. hominissuis A5, a previously characterized biofilm-overproducing strain (18) , and M. avium subsp. hominissuis 104, a typical biofilm-forming strain, for 14 days at room temperature. THP-1 cells were then added on top of the biofilm, and TNF-␣ production was assessed over a time course by removing culture supernatant and carrying out ELISA. When assessing TNF-␣ production, M. avium subsp. hominissuis A5 was significantly more stimulatory to THP-1 cells over the time course than was M. avium subsp. hominissuis 104 (Fig. 1A) ; however, both strains appear to elicit an atypically high response compared with infection with planktonic M. avium, which typically downregulates TNF-␣ production (20) (21) (22) (23) (24) . Interestingly, the cell-free biofilm supernatant of strain A5 (added at 10% [vol/vol] into RPMI medium) also triggered a robust TNF-␣ response from THP-1 cells (Fig. 1B) . To confirm that this robust TNF-␣ response was not simply due to the bacteria being immobilized on the bottom of the plate, an inoculum of planktonic M. avium subsp. hominissuis was prepared, adjusted to 1 ϫ 10 7 per well, and immobilized onto the bottom of the plate via centrifugation, alongside mature M. avium subsp. hominissuis A5 biofilm. Supernatants were removed and replaced with THP-1 cells for 4 h. Although the immobilized planktonic bacteria did elicit a TNF-␣ response, it was significantly lower than the response to the biofilm (Fig. 1C) .
To further assess the role of the acellular biofilm components, mature M. avium subsp. hominissuis A5 biofilms were UV irradiated and then THP-1 cells were exposed to the film for 4 h. The UV-killed biofilm elicited an almost identical TNF-␣ response from the THP-1 cells as did the non-UV treated biofilm (Fig. 1C) .
Collectively, the data demonstrate that M. avium subsp. hominissuis biofilm is very stimulatory to phagocytes. Furthermore, the acellular biofilm constituents (both biofilm matrix in the UVkilled biofilm and supernatant) could be a major stimulatory trigger of this response, since live bacteria were not required to stimulate the surveilling phagocytes. Due to the increased stimulation of phagocytes by M. avium subsp. hominissuis A5 (and the response to the acellular supernatant), it was chosen to further develop this model of M. avium subsp. hominissuis biofilm-phagocyte interaction.
Other aspects of THP-1 stimulation were assessed during exposure to M. avium subsp. hominissuis A5 biofilm. Superoxide anion and nitric oxide production levels were significantly greater in THP-1 cells in contact with the M. avium subsp. hominissuis A5 biofilm than in biofilm-unexposed cells ( Fig. 1D and E, respectively). These data further support the idea that the phagocytes are becoming stimulated upon M. avium subsp. hominissuis biofilm exposure.
M. avium subsp. hominissuis A5 biofilm is unaffected by the presence of THP-1 and/or natural killer cells. The finding that M. avium subsp. hominissuis biofilm is highly stimulatory to phagocytes led us to investigate if this was associated with increased killing of the bacteria in the biofilm during exposure. THP-1 cells were added on top of 14-day-old M. avium subsp. hominissuis A5 biofilms, and after 24 and 72 h, the wells were mixed via pipetting, diluted, and plated to obtain the bacterial load of M. avium subsp. hominissuis. THP-1 cells were also pretreated with either gamma interferon (IFN-␥) or TNF-␣ to stimulate them prior to addition to the biofilm. No significant differences in the number of viable bacteria were observed with or without addition of THP-1 cells ( Fig. 2A) , suggesting that macrophages are not capable of clearing established M. avium subsp. hominissuis biofilm. Furthermore, the preactivation of the THP-1 cells with IFN-␥ or TNF-␣ did not stimulate bactericidal mechanisms that can harm M. avium subsp. hominissuis biofilms.
Previous observations have demonstrated that addition of natural killer (NK) cells increases anti-M. avium subsp. hominissuis activity of macrophages (25, 26) . We examined if NK cells prestimulated with IL-2 and incubated in the presence of THP-1 cells induced any antimycobacterial activity against the biofilm. At both 24 and 48 h after infection, neither NK cells alone nor those in combination with THP-1 cells affected the CFU/ml of bacterial cells within the M. avium subsp. hominissuis biofilm (Fig. 2B ) but did induce bactericidal activity in THP-1 cells infected with planktonic M. avium subsp. hominissuis 104 and A5 (Fig. 2C) . Taken together, these results suggest that macrophages in contact with the biofilm are not capable of killing the cells within the biofilm, even if they are preactivated or coordinated with NK cells.
To determine if mononuclear phagocytes would ingest plank-tonic M. avium subsp. hominissuis or biofilm-deficient M. avium subsp. hominissuis mutants 6H9 and 5G4, THP-1 cells were incubated in suspension with a multiplicity of infection (MOI) of 10:1 (undergoing rotation), and after 30 min, the cells were spun down and the number of intracellular bacteria was determined. THP-1 cells were able to ingest all strains, and after 4 days in culture, it was observed that all strains were able to grow intracellularly, showing that planktonic bacteria can replicate inside THP-1 cells (Fig. 2D) . THP-1 cells appear grossly deformed and undergo apoptosis after exposure to M. avium subsp. hominissuis strain A5 biofilm. Despite the hyperstimulation of THP-1 cells upon contact with M. avium subsp. hominissuis biofilm, no decrease of bacterial viability was demonstrated. THP-1 cells were added on top of M. avium subsp. hominissuis biofilm, and microscopy was performed over a time course to assess the phagocyte morphology during biofilm exposure (Fig. 3A to F) . After only 40 min of exposure, some phagocytes began to appear grossly deformed (Fig. 3E) , while others were clearly apoptotic (Fig. 3F) .
After apoptotic cells were observed during microscopy, the TUNEL assay was conducted to quantify the degree of apoptosis occurring over a time course during biofilm exposure. The proportion of phagocytes undergoing apoptosis increased upon biofilm exposure over the 48-h time course, with 79% of the host cells apoptotic at 48 h (Fig. 3G) . Planktonic M. avium subsp. hominissuis infection of THP-1 macrophages does not induce rapid apoptosis seen here, as demonstrated by previous work (26) .
The induction of apoptosis upon exposure is at least partly due to the TNF-␣ response. Due to the robust TNF-␣ production by biofilm-hyperstimulated THP-1 cells and the early and surprising amount of apoptosis, we next assessed if the two were related. THP-1 cells were exposed to M. avium subsp. hominissuis biofilm either with no addition or supplemented with anti-TNF-R1 or anti-TNF-␣ antibodies and the TUNEL assay was performed at 2 and 6 h to measure apoptosis. Blocking either TNF-␣ itself or its receptor significantly reduced the percentage of apoptotic cells during biofilm exposure (Fig. 4A) . We then assessed if the reduction of apoptosis would result in killing of the M. avium subsp. hominissuis biofilm. Wells were resuspended, diluted, and plated for CFU enumeration, but there were no significant differences between the anti-TNF-R1-or anti-TNF-␣-treated cells and the nontreated cells (Fig. 4B) . Interestingly, the CFU of antibodytreated wells were increased compared to those of nontreated wells, indicating that engulfed M. avium subsp. hominissuis is replicating in the reduced apoptotic population of THP-1 cells. These data demonstrate that the significant TNF-␣ production is at least partially correlated with the induction of apoptosis following biofilm exposure.
DISCUSSION
Mycobacterium avium subsp. hominissuis is an opportunistic human pathogen that is ubiquitous in natural water sources, soil, and urban potable water systems. The prevalence of M. avium subsp. hominissuis in the environment is possibly due to its ability to form robust biofilms. Clinical isolates of M. avium subsp. hominissuis have been found in residential potable water systems of M. avium subsp. hominissuis-infected patients and genetically linked to the strains infecting the patients (6) .
Previous work has shown that the ability to form biofilm translates into better attachment and invasiveness of bronchial epithelial cells, in vitro, as well as in vivo in a mouse model of respiratory infection (8) . It remains unknown whether individuals get exposed to already established M. avium subsp. hominissuis biofilm being aerosolized into the airways or if inhaling planktonic bacteria leads to the formation of new biofilms, which was the model evaluated in mice previously. In either case, it is intriguing that these infections are allowed to persist, without innate immune clearance by the host. The same phenomenon in a few other pathogenic bacteria, including Staphylococcus spp. and Enterococcus spp., has been investigated, and it has been generally suggested that biofilms circumvent the typical proinflammatory response from the innate immune system (11) (12) (13) (14) . It may be explained by the fact that biofilms are usually encapsulated within exopolysaccharides (EPSs). This encapsulation might reduce the exposure of pathogen-associated molecular patterns (PAMPs) to pattern recognition receptors on host cells that planktonic bacteria would typically trigger. Physical EPS or even the genes required for its synthesis have not been found to date in any mycobacterial species (27) . This is very interesting because despite lacking EPS, mycobacterial species generally still form robust biofilms. When human THP-1 mononuclear phagocytes were placed in contact with established M. avium subsp. hominissuis strain 104 and A5 biofilms, they responded with robust TNF-␣ production. This response was significantly greater with M. avium subsp. hominissuis A5, which has been shown previously to be a biofilm-overproducing strain (18) . We have preliminary data demonstrating that M. avium subsp. hominissuis A5 produces more biofilm matrix constituents than does M. avium subsp. hominissuis 104, in both abundance and diversity (data not shown). Synthesis and secretion of TNF-␣ have been shown to occur upon macrophage exposure to a number of different bacterial components, and in the case of the two M. avium subsp. hominissuis strains tested, may be explained by the absolute amount of several biofilm components. It is interesting that the ability to form biofilm at all appears be highly stimulatory to THP-1 cells, which is not observed when macrophages come in contact with planktonic M. avium subsp. hominissuis, which usually downregulates TNF-␣ production during successful infection (20) (21) (22) (23) (24) . Our current data with mycobacteria contrast with findings obtained in systems using Gram-positive and Gram-negative bacteria that have concluded thus far that biofilms suppress a proinflammatory response (13, 14) .
We assessed if these hyperstimulated phagocytes were ingesting and killing bacteria belonging to the biofilm, because of previous work showing that TNF-␣ stimulates anti-M. avium subsp. hominissuis activity in macrophages (28) . The CFU data at various time points demonstrate that the number of M. avium subsp. hominissuis cells in the biofilm is unaffected by the presence of THP-1 cells, even if they were prestimulated with TNF-␣ or IFN-␥ ( Fig. 2A) . This finding is in disagreement compared to the effectiveness of killing of planktonic M. avium subsp. hominissuis by activated macrophages.
NK cells are an important part of the host innate immune response and are a component of the innate lymphoid cells in the mucosal surfaces (29) . NK cells when stimulated with IL-12 or IL-2 can trigger macrophage killing of various intracellular pathogens, including M. avium subsp. hominissuis (30) . In our system, we hypothesize that perhaps macrophages in contact with the M. avium subsp. hominissuis biofilm need cooperation with NK cells to be more effective at bacterial clearance. Studies have shown that NK cells produce TNF-␣ and IFN-␥ when stimulated, which leads to macrophage activation (25, 31) . Surprisingly, the addition of NK cells did not result in a decrease of bacterial CFU in the biofilm (Fig. 2B) . The observation that NK cells alone did not affect the biofilm CFU is consistent with previous work (31) .
The observation of the significant amount of rapid apoptosis occurring in macrophages after M. avium subsp. hominissuis biofilm exposure is quite interesting and different from planktonic M. avium subsp. hominissuis infection (26) . Macrophages in contact with biofilm probably ingested a large amount of antigens (bacteria and biofilm matrix), and the uptake of biofilm matrix along with bacteria and the abundance of pathogen-associated molecular patterns (PAMPs) in the matrix could certainly trigger this response. Another consideration is that because of the large amount of matrix surrounding cells in the biofilm, macrophages are just ingesting substantial quantities of material and becoming hyperstimulated, without having a chance to take up a significant number of bacteria, as our UV-irradiated biofilm experiment suggested (Fig. 1C) . Furthermore, there are putative secreted factors involved as well, suggested by the fact that sterile supernatant from M. avium subsp. hominissuis A5 biofilm was also able to induce a response from THP-1 cells (Fig. 1B) . Future work needs to be conducted to unveil what exactly in the biofilm and supernatant is responsible for the observed effects.
This study focused on the interaction of mononuclear phago- cytes with established biofilms in order to understand the reason for the impaired innate immune clearance of M. avium subsp. hominissuis biofilms. However, how does the host allow the infecting bacteria to establish biofilm in the first place? Electron microscopy of M. avium subsp. hominissuis in contact with BEAS-2b cells has shown aggregates of M. avium subsp. hominissuis A5 forming as soon as 2 h postinfection (8) . More recent work has visualized matrix-like substances surrounding the aggregates as soon as 48 h after infection (unpublished data). TNF-␣ production following macrophage exposure to M. avium subsp. hominissuis biofilm supernatant as well as preliminary experiments using extracted biofilm matrix (unpublished data) indicates that an acellular component of the biofilm is at least partially responsible for macrophage stimulation. In reviewing the literature, it appears that there has not been much research aimed at identifying constituents of mycobacterial biofilms. For example, it has been found that glycopeptidolipids and mycolic acids are involved in the formation of M. avium subsp. hominissuis and Mycobacterium tuberculosis biofilms, respectively (17, 32, 33) . Perhaps the encapsulation of matrix is responsible for resistance of disease-associated host defense and therapy. Preventing or removing a specific matrix component might result in increased susceptibility of biofilm to therapy or the host response. In many pathogenic bacterial species such as Vibrio cholerae, Pseudomonas aeruginosa, Bordetella spp., Enterococcus faecalis, and Listeria monocytogenes, extracellular DNA (eDNA) has been found to be an important matrix component (34) (35) (36) (37) (38) . Recent work in the laboratory has shown that eDNA plays a role in M. avium subsp. hominissuis biofilm as well (unpublished data). Targeting matrix components of M. avium subsp. hominissuis biofilm might improve patient response when combined with traditional antimicrobial therapy. To conclude, this study indicates that the reason why cells of the innate immune system are unable to clear M. avium subsp. hominissuis biofilm-associated infections is due to the biofilm causing hyperstimulation of phagocytes, which leads to decreased functionality and apoptosis partially in a TNF-␣-dependent manner.
